As the experimental data from kaonic atoms and K − N scatterings imply that the K − -nucleon interaction is strongly attractive at saturation density, there is a possibility to form K − -nuclear bound states or kaonic nuclei. In this work, we investigate the ground-state properties of the light kaonic nuclei with the relativistic mean field theory. It is found that the strong attraction between K − and nucleons reshapes the scalar and vector meson fields, leading to the remarkable enhancement of the nuclear density in the interior of light kaonic nuclei and the manifest shift of the single-nucleon energy spectra and magic numbers therein. As a consequence, the pseudospin symmetry is shown to be violated together with enlarged spin-orbit splittings in these kaonic nuclei.
By analyzing experimental data of kaonic atoms and K − N scatterings, people have found that K − N interaction is strongly attractive at saturation density but with an optical potential depth roughly ranging from 40 to 200 MeV [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The great interest in studying kaonic nuclei has been attracted by the fact that the same sign of the vector and scalar potentials of the K − creates a strong attraction that may lead to high-density K − -nuclear bound states. In the past, lots of theoretical works have flourished. For instance, few-body calculations [33] [34] [35] [36] [37] , the RMF and nonrelativistic Skyrme-Hartree-Fock researches [25, 26, [38] [39] [40] , were performed to obtain the K − binding energy, the width and ground-state properties of K − -nuclear bound states. Along with various predictions, experiments for the K − bound states have also been progressive with the construction of new facilities [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Though the PSS is one of fundamental nuclear properties, it has not received due attention in kaonic nuclei. Indeed, the PSS has seldom been examined in kaonic nuclei. Thus, it is the aim of this work to investigate how the PSS is affected by the strong K − -nucleon attraction in the RMF theory. For completeness and comparison, we will also examine the corresponding effect on spin-orbit splittings that are associated with the spin symmetry. The paper is organized as follows. The RMF formalism for kaonic nuclei is given in Section II, and the pseudospin and spin symmetries in RMF are briefly manifested in section III. The results and discussions are given in section IV, followed by a brief summary in section V.
II. RMF FORMALISM FOR KAONIC NUCLEI
The relativistic Lagrangian containing K − -nucleon interaction can be written as
where ψ B , σ, ω µ , and b 0µ are the fields of the baryon, scalar, vector, and charge-neutral isovectorvector mesons, with their masses M B , m σ , m ω , m ρ , respectively. The A µ is the field of photon.
The g iB (i = σ, ω, ρ) are the corresponding meson-baryon coupling constants. The τ 3 is the third component of isospin Pauli matrix for nucleons. F µν , B µν , and A µν are the strength tensors of the ω, ρ meson and the photon, respectively
L K , the lagrangian of the kaonic sector [39, 50] , is written as
where the covariant derivative is given by
with the g iK (i = σ, ω, ρ) being the corresponding K − -meson coupling constants.
The equations of motion are derived from the lagrangian (1). In the RMF approximation, the nucleons obey the following equation
In spherical systems we consider in this work, the equations of motion for non-strange mesons are given by
where ρ s , ρ v , ρ p and ρ 3 are the scalar, vector, proton, and isovector densities, respectively.
where the integration of ρ K − over the whole volume is normalized to the K − number which is one in this work. The Klein-Gordon equation for
where E K − is the single-particle energy of the K − . The real part of the K − self-energy Π is written
The imaginary part ℑΠ is considered as the absorptive contribution to the K − self-energy which can be taken from some optical models phenomenologically. Following works of Mareš et al. [25, 26] , we adopt the simple 'tρ' form ℑΠ = f V 0 ρ v (r) where the depth V 0 is obtained by fitting K − atomic data [23] .
III. REVISIT TO THE RELATIVISTIC SYMMETRY MANIFESTATION IN RMF
The concept of PSS is introduced to describe the quasidegeneracy in some nuclei between singlenucleon states with quantum numbers (n, l, j = l + 1/2) and (n − 1, l + 2, j = l + 3/2), e.g., 2S 1/2 and 1D 3/2 . The PSS can be understood as a relativistic symmetry of the Dirac Hamiltonian originating from the near equality in magnitude of the scalar potential S(r) and vector potential V(r) but different in sign, i.e. S(r) + V (r) ≈ 0 [5] . The quality of the proximate symmetry was found to be associated with the competition between pseudocentrifugal barrier and the pseudospin-orbit potential [6, 7] . In the following, we demonstrate in the RMF the conditions for the PSS.
Since the meson fields are classical in the RMF, one can write the Dirac Hamiltonian for nucleons in spherical nuclei aŝ
It is well-known that the total angular-momentum J commutates with the Hamiltonian and is a conserved operator. While the orbital angular momentum L does not commute with theĥ, to characterize the full set of quantum numbers of single-particle states one invokes another conserved
with its eigenvalues
The quantum number set is {a} = {n, κ, j, m, t} where n is the principle quantum number, m the quantum number of the third component of the J, and t the isospin. With these quantum numbers, the single-particle wave functions can be written as
where G a (r) and F a (r) are the big and small components of the (radial) spinor, respectively, Φ is the spherical harmonics, and χ t is the isospinor with t = ±1 for protons and neutrons, respectively.
Substituting Eq.(12) into the Dirac equation (4), one can immediately obtain the radial equations for nucleons
where
with V (r) = g ωB ω 0 + g ρB τ 3 b 0 + eA 0 (1 + τ 3 )/2 and S(r) = −g σB σ 0 . By performing radial derivative on the both sides of Eq. (13) and (14), one arrives at the two second-order differential equations for the big and small components, respectively
with U G = M B + E a − △ and U F = M B − E a + Σ. These two equations are equivalent for obtaining the eigenvalues E a . Similar to the description in Ref. [6] , the centrifugal barrier (CB) and pseudocentrifugal barrier (PCB) are here defined as κ(κ + 1)/r 2 and κ(κ − 1)/r 2 , respectively. The spin-orbit potential (SOP) and pseudospin-orbit potential (PSOP) terms are those in Eqs. (16) and (17) proportional to κd△/(rdr) and κdΣ/(rdr), respectively. If the SOP term equals exactly to zero, say, △ = 0 or d△/dr = 0, it can be obviously seen from Eq. (16) that the eigenvalue E a only depends on κ(κ + 1). One can easily find out that those states with κ = l and κ = −(l + 1) share the same eigenvalues. This is nothing but the spin symmetry leading to the spin degeneracy. Similarly, if the PSOP term equals exactly to zero, say, Σ = 0 or dΣ/dr = 0, then the eigenvalue E a only depends on κ(κ − 1) as seen from Eq. (17) . Introducingl = l + 1, we can see that those states with κ = −l and κ =l + 1 have the same eigenvalues. This type of degeneracy was named the PSS in resemblance to the spin symmetry. However, the PSS is nonexistent once the PSOP term is far away from zero.
Generally speaking, as already pointed out in Ref. [6] , the quality of the PSS is tightly associated with the relative magnitude of PCB to the PSOP in the RMF. One can reasonably imagine: the smaller the PSOP term, the better the PSS.
In a normal nuclear system, the attractive potential is usually around 380MeV, while the repulsion is around 320MeV. It gives rise to △ ≈ 700MeV, corresponding to relative large SOP term, while the Σ is around −60 MeV, leading to a relative small PSOP term. This estimation indicates that the PSS is developed much better than the spin symmetry in normal nuclear single-particle spectra. In plenty of nuclei, the PSS exists approximately and the splitting of pseudospin doublets (n, l, j = l + 1/2) and (n − 1, l + 2, j = l + 3/2) is relatively small, compared to the separation between two levels nearby. But the appearance of K − could change the proportion of the attraction to the repulsion, leading to the alteration of △ and Σ. Thus, the general situation for the PSS in kaonic nuclei can be rather different and it is worthy of careful investigations.
IV. RESULTS AND DISCUSSIONS
As one source term of the mean field, the K − diminishes its role in the mean field with the increase of the nuclear mass. Thus, our investigation is limited to the medium and light nuclei in which the K − has more distinct effects on nuclear properties, especially the bulk density of the nuclear system and the single-particle energy for the pseudospin and spin doublets. We perform calculations with the NL3 parameter set [51] . The g ωK and g ρK are chosen from SU(3) relations:
2g ωK = 2g ρK = g ρπ = 6.04, and the g σK is adjusted to yield a K − binding energy B K − =100MeV for 40 K − Ca where the B K − is defined as the difference of the total binding energy between the kaonic nucleus and its normal counterpart without K − . Though the moderately deep optical potential is adopted here (≈ 100 MeV), as in some pioneer works [38] [39] [40] , we will examine the cases for various binding energies at last. The coupled equations (5), (7), (13) and (14) are solved self-consistently by an iterative procedure. Some details of solving the K − equation are given in the Appendix. MeV for 40 K − Ca. Needless to say, the breaking of the spin symmetry becomes more distinctive in these kaonic nuclei, in comparison to that in normal nuclei. We mention that the effect of the imaginary part of K − on the nuclear density and single-particle energies is insignificant for the given K − binding energy 100 MeV, and it just becomes moderate for much weaker binding energies. Thus, we will not regard it specifically in the following discussion. 40 Ca and
FIG. 1: (Color online) The small components of the Dirac spinnor for neutrons in

40
K − Ca as a function of radius. Those labeled "w/o K − " and "with K − " represent for normal nuclei and corresponding kaonic nuclei, respectively, and we will keep these abbreviations throughout.
Now, we take
40 Ca and
40
K − Ca as a typical example to understand the PSS features in kaonic nuclei. In Fig. 1 , we plot the small components of the Dirac spinnor, i.e. F a (r). As discussed in Sec.III, the similarity in the small components of the Dirac spinnor is associated with the approximate PSS [52] .
Indeed, this is the case in
40 Ca: the F (r)s for the pseudospin doublets 2S 1/2 (dotted curve) and 1D 3/2 (dashed curve) are rather close, though one has a node and the other without. But the addition of the K − in 40 Ca forces the small component of the 2S 1/2 state to move inwards considerably. As a result, the breaking of the PSS appears with the similarly explicit shift in the small component of the Dirac spinnor. While with the increase of the nuclear number, the relative shift of F (r) in kaonic nuclei becomes trivial, consistent with the much smaller shift in single-particle binding energy.
For a deeper understanding of these phenomena concerning the addition of the K − , we illustrate Table I The situation for the shift of spin-orbit splitting is quite analogous. The attraction provided by the K − leads to the deepening of the SOP, and the κ dependence of eigenvalues of the spin doublets is magnified. For heavier and heavier nuclei, the K − effect on the spin-orbit splitting drops off, just like the case of the PSS breaking. These phenomena are clearly shown in Fig. 3 , in resemblance to the pseudospin case in Fig. 2 , and are consistent with those for the spin-orbit splittings listed in Table I .
The most striking phenomenon of the kaonic nuclei should be the enhancement of the central density [38] [39] [40] . The enhancement in light nuclei could be very prominent. Here, we take 40 Ca and comparably 74 Se systems as examples. In Fig. 4 , it displays the radial distributions of the densities and potentials. For 40 Ca systems, we see that the K − is deeply bound inside the interior of the kaonic nuclei(r 2f m) due to the strong attraction. This deeply trapped K − distribution is consistent with the sizeable rise of the SOP and PSOP in the core region, as shown in Fig. 2 and 3, respectively. As a result, the strong attraction provided by the K − in 40 Ca pulls nucleons inwards to form a dense core with a density up to twice the saturation density, as shown in the upper left panel of Fig. 4 . We recall that the strong attraction responsible for this is produced by the coherent coupling of σ and ω mesons to the K − . Feeding back to the mean field in kaonic nuclei, the attractive potential (g σ σ) in the shrunk core acquires an enhancement greater than the one for the repulsive potential (g ω ω), as clearly shown in the lower left panel in Fig. 4 . The enhancement of the core density also exists in all the kaonic nuclei, while it fades away gradually in heavy nuclei. Shown in the right panels of Fig. 4 is the case for 74 Se systems. As can be seen, the K − is pulled outwards by the attraction provided by more out-layer nucleons. As a consequence, just moderate increase of the core density and mean-field potentials in 74 K − Se, instead of the dramatic increase in light nuclei, is observed. Consistently, the shifts of single-particle energy are much smaller than those in light nuclei. We note that the calculations with the non-relativistic Skyrme-Hartree-Fock approach also found the similar shrinkage [40] . These results are inspiring as kaonic nuclei could probably provide a natural cold dense nuclear system rather than a hot dense one that should be created by heavy-ion collisions.
Besides the above general analysis for the PSS breaking, we have not paid much attention to a specific phenomenon, the almost unilateral shift of the pseudospin doublets. Looking back to Fig. 1 , we see that it is the shift of the 2S 1/2 , rather than that of the 1D 3/2 , which dominates the PSS breaking. This can be roughly understood by the spatial proximity between the 1S 1/2 K − and 2S It is worthy to point out the dependence of the spin or pseudospin doublet splittings on the isospin. With the increase of the neutron number, the repulsion provided by the isovector meson increases. This causes the moderate reduction of the relevant doublets splittings. However, the splittings are still well above those for the normal nuclei. At last, we mention that we have examined the calculations with the NL-SH [53] . We find that all the results are qualitatively similar, without changing the conclusions drawn above.
V. SUMMARY
We have investigated the ground-state properties of light kaonic nuclei and the relativistic symmetry breakings with the RMF model. It is found that the relativistic symmetry breakings, underlying potentials associated with the breakings, and the appreciable shrinkage effect, i.e., the significantly enhanced core density take place consistently due to the strong attraction provided by the K − embedment in light nuclei. For normal nuclei entertaining the approximate pseudospin symmetry, the K − embedment can enhance κ-dependence of the eigen energies and wave functions, break the original balance between the attractive and repulsive potentials consequently, and result in the pseudospin symmetry breaking and the spin symmetry deterioration. With the K − embedment, the shell structures are also changed dramatically in light nuclei. In particular, the migration of S 1/2 orbitals towards the interior Fermi sea and the enlarged spin-orbit splittings can reshape the order of energy levels and form new magic numbers. Moreover, we have examined the dependence on the K − binding energy and the model dependence for these phenomena. The model dependence is rather weak, and we find that for a large parameter space of the K − binding energy all the phenomena are quite general.
with
K − ℜΠ(r), U 2 (r) = 2E ℜ E ℑ − ℑΠ(r). These are second-order differential equations, and can be solved by the Runge-Kutta method, or the numerova method. In this work, the Runge-Kutta method is adopted. Given the boundary values and a trial eigenvalue E tr , we can integrate those equations from r = 0 outwards and from r = ∞ (far away enough)
inwards to a match point r = r m , and then connect the wave function at this point. By integrating the integrand that is K * − tr (r) times Eq.(A1) in the range 0 < r < r m − ǫ and r m + ǫ < r < ∞ (ǫ is an positive infinitesimal), we could get 
However, we must keep in mind that dK − (r)/dr is discontinuous at r = r m as long as E tr is still not the eigenvalue. This discontinuity is used to adjust the eigenvalue in an iterative way 
where we have disregarded all infinitesimal terms in ǫ by considering that the remaining term is from the derivative of the discontinuity which embodies the property of the Dirac δ function.
